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Summary
Background: Extended wakefulness disrupts acquisition of
short-term memories in mammals. However, the underlying
molecular mechanisms triggered by extended waking and re-
stored by sleep are unknown. Moreover, the neuronal circuits
that depend on sleep for optimal learning remain unidentified.
Results: Learning was evaluated with aversive phototaxic
suppression. In this task, flies learn to avoid light that is paired
with an aversive stimulus (quinine-humidity). We demonstrate
extensive homology in sleep-deprivation-induced learning
impairment between flies and humans. Both 6 hr and 12 hr of
sleep deprivation are sufficient to impair learning in Canton-S
(Cs) flies. Moreover, learning is impaired at the end of the
normal waking day in direct correlation with time spent awake.
Mechanistic studies indicate that this task requires intact
mushroom bodies (MBs) and requires the dopamine D1-like
receptor (dDA1). Importantly, sleep-deprivation-induced
learning impairments could be rescued by targeted gene
expression of the dDA1 receptor to the MBs.
Conclusions: These data provide direct evidence that ex-
tended wakefulness disrupts learning in Drosophila. These re-
sults demonstrate that it is possible to prevent the effects of
sleep deprivation by targeting a single neuronal structure
and identify cellular and molecular targets adversely affected
by extended waking in a genetically tractable model organism.
Introduction
A single night of wakefulness impairs cognitive ability on a va-
riety of tasks, including those measuring working memory,
adaptive learning, and problem solving [1]. Surprisingly,
the relatively short durations of wakefulness that define our
working day (10–16 hr) are sufficient to impair cognitive perfor-
mance [2]. Indeed, dose-response studies indicate that the
extent of cognitive impairment is correlated with the accumu-
lated time spent awake [3]. Thus, waking is associated with
biological processes that build up over time and interfere
with cognitive performance.
Although the underlying molecular mechanisms that are trig-
gered by extended waking are unknown, several groups have
begun utilizing neuroimaging strategies to identify networks
that underlie the cognitive deficits associated with sleep loss
[4]. Results from these studies indicate that during extended
waking, reduced activation in particular cortical structures
(e.g., prefrontal cortex) is associated with a decline in perfor-
mance. That is, performance decrements after waking may
*Correspondence: shawp@pcg.wustl.edunot be due to global brain impairments but may reflect a molec-
ular vulnerability in specific neuronal circuits. Thus, it may be
possible to manipulate a single molecular pathway in specific
cell groups to prevent cognitive impairments associated with
waking. We demonstrate that the effects of extended waking
could be prevented by activating the dopamine D1 receptor
in a specific circuit known to be involved in learning and mem-
ory [5, 6]. These data provide the first demonstration that the
negative effects of extended waking can be reversed by mod-
ifying the properties of a single brain structure.
Results
Learning Assay
Sleep-deprivation-induced learning impairments were evalu-
ated via an assay that requires flies to inhibit a prepotent
attraction toward light [7]. In this task, flies are placed in
a T maze and allowed to choose between a lighted and
a dark chamber (Figure S1 available online). Filter paper is wet-
ted with 1021M quinine hydrochloride solution and placed into
the lighted chamber such that the quinine and the humidity
provide an aversive stimulus. The percentage of times the fly
visits the dark vial is tabulated during 16 trials. Flies learn to
select the dark alley more frequently over the course of the
16 trials [7]. Learning reaches a maximum during the last four
trials of the test and does not improve with additional training
[7]. Thus, the performance index is calculated as the percent-
age of times the fly chooses the dark vial during the last four
trials. The assay will be referred to as aversive phototaxic
suppression (APS).
Sleep Deprivation Disrupts Learning
Flies, like humans, are awake during the day and consolidate
their sleep during the night [8, 9]. Canton-S (Cs) flies exhibit
a sleep rebound after 3 hr, 6 hr, and 12 hr of sleep deprivation
(Figure 1A). We show that 6 hr and 12 hr of sleep deprivation
disrupt learning (Figure 1B; Figure S2). Low motivation is an
unlikely explanation for the impairment because the time to
complete the 16 trials (TCT) was not significantly different
from that of controls (Table S1). Similarly, after sleep depriva-
tion, male flies (n = 17) maintained motivation to court virgin
females, another prepotent response, and were not different
from controls (n = 18) (p = 0.17, data not shown). Sleep depri-
vation does not alter the photosensitivity index (PI; percentage
of photopositive choices in the T maze in ten trials in the
absence of quinine-humidity) nor the quinine-sensitivity index
(QSI; time in seconds flies reside on the nonquinine side of
a chamber), indicating that the learning impairment is due to
sleep loss and not due to sleep-deprivation-induced alter-
ations in sensory thresholds. Indeed, sleep deprivation does
not alter photosensitivity when measured over a range of light
intensities (Figure S3A), nor does it change performance with
a fast phototaxis assay (Figure S3B). Because flies must climb
upward to enter either chamber, we evaluated the effects of
sleep deprivation on geotaxis and found it to be unaffected
by sleep deprivation (Figure S3C). Importantly, flies that have
been selected to prefer climbing downward with gravity (Lo)
learn as well as flies that have been selected to prefer climbing
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that geotaxis is not required in this assay. Together, these
data indicate that the effects of extended waking are not due
to changes in sensory thresholds.
To determine whether the decrement in performance was
the consequence of the stimulus used to keep the animal
awake rather than sleep loss per se, we conducted several
control experiments. First, we exposed flies to the perturba-
tions induced by our apparatus for 6 hr between zeitgeber
time ZT0 and ZT5:59. Keeping flies awake during this time
does not result in subsequent changes in sleep [8]. As
expected, exposure to the stimulus in the absence of sleep
loss did not result in an additional learning deficit (Figure 1C).
Currently, all studies that have kept flies awake, including
sleep deprivation by gentle handling, have used methods
that share common features. To exclude the possibility that
these methods impair performance, we invented a novel
sleep-deprivation apparatus. The sleep-interrupting device
(SLIDE) consists of a thin plastic floor inserted into the tubes
underneath flies that can be manipulated like a treadmill (Fig-
ure 1D; Figure S4). When flies are kept awake with this
approach, learning is impaired (Figure 1E).
Sleep fragmentation in humans and rodents is associated
with learning impairments [11, 12]. To determine whether sleep
fragmentation also deteriorates learning in flies, we took
advantage of the observation that z10%–15% of Cs flies
spontaneously exhibit fragmented sleep while maintaining
normal total sleep time (Figure 1F). Learning was impaired in
flies with fragmented sleep compared to their siblings with
consolidated sleep (Figure 1G). Thus, even in the absence of
mechanical stimulation, sleep fragmentation is associated
with learning impairments. Flies with consolidated and frag-
mented sleep displayed similar control metrics (TCT, PI, and
QSI), indicating that they did not differ in sensory thresholds
or motoric ability (Table S1). Importantly, experimentally in-
duced sleep fragmentation impairs learning in otherwise
sleep-consolidated flies (Figures 1H and 1I) indicating that
sleep fragmentation impairs learning in flies as it does in
humans.
Sleepiness Does Not Impair Learning
Performance decrements observed in sleep-deprived humans
have, at times, been attributed to the intrusion of sleep into pe-
riods of waking rather than cognitive impairment per se. Are
the learning impairments in our flies simply due to high sleep
drive? To test this hypothesis, we designed a protocol that al-
lowed us to separate the effects of extended wakefulness from
increased sleepiness. When flies are deprived of sleep for 22 hr
and released into recovery in the evening, sleep rebound is
only observed the following morning (Figure 2A). If sleep drive
impairs performance, flies released into recovery at night
should show a deficit when tested the next morning. As seen
in Figure 2B, flies with high sleep drive exhibit normal perfor-
mance, indicating that the amount of prior waking rather
than interference due to sleepiness is responsible for learning
deficits.
Is a full night of sleep required to restore learning? As seen in
Figure 2C, performance after sleep deprivation was restored to
Figure 1. Sleep Disruption Impairs Learning
(A) Sleep deprivation (SD) successfully elimi-
nated 100% of baseline sleep (light gray) during
to 3, 6, and 12 hr of SD with the sleep-nullifying
apparatus (SNAP). Sleep recovered in 24 hr after
3, 6, and 12 hr of SD is proportional to sleep lost
(dark gray). Flies were sleep deprived until tested.
SD was started at ZT18 and ZT21 for 3 hr and 6 hr
of SD.
(B) Learning was not impaired after 3 hr of SD but
was significantly lower after 6 or 12 hr of SD.
(C) Six hours of stimulation in the SNAP between
ZT0 and ZT5:59 (‘‘Stimulated’’) does not impair
performance compared to untreated circadian-
matched controls (black).
(D and E) Performance is impaired after 6 hr of SD
with the sleep-interrupting device (SLIDE).
(F) Total sleep and average sleep bout duration
for Cs flies with consolidated sleep (black) and
their spontaneously sleep-fragmented siblings
(white).
(G) Learning is impaired in spontaneously frag-
mented flies (‘‘F’’) compared to siblings with
consolidated sleep bouts (‘‘C’’). Learning was
evaluated between ZT0 and ZT3 (n = 15/group).
(H) Experimental fragmentation was induced for
three consecutive days in otherwise sleep-con-
solidated flies by activation of the SNAP for 5
min every 30 min. Controls were sleep deprived
for 4 hr (ZT11–ZT15) and thus received the
same number of stimuli (1440) and similar total
sleep loss while obtaining consolidated sleep
bouts.
(I) Experimental sleep fragmentation (‘‘F’’) impairs
performance compared to flies that are disturbed
(‘‘D’’) but with consolidated sleep. (*: p < 0.05).
Error bars represent the standard error of the
mean (SEM).
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In contrast to spontaneous daytime sleep, which is character-
ized by short sleep bouts, the naps following sleep deprivation
resemble nighttime sleep (Figure 2D). Thus, as in humans [13],
naps improve learning in flies. Environmental and social fac-
tors can alter motivation and temporarily reduce the negative
impact of sleep deprivation on performance [14]. For example,
sleep-deprived subjects who were given a monetary reward
for correct responses were able to maintain performance lon-
ger than controls [14]. To evaluate this relationship in flies, we
modified the assay by placing a piece of dry filter paper previ-
ously soaked in a sucrose solution in the dark vial. Under base-
line conditions, the presence of sucrose did not alter perfor-
mance (Figure 2E). However, after 12 hr of sleep deprivation,
flies tested with dry sucrose in the dark alley performed as
well as flies that had obtained a full nights’ sleep. These bene-
ficial effects were lost when sleep deprivation was extended to
36 hr, indicating that deficits cannot be entirely compensated
by motivational factors.
Extended Waking Impairs Learning
It has been hypothesized that in humans, neurobehavioral def-
icits accrue when wake time extends beyond a minimal interval
measured in hours [3]. In flies, daytime sleep is characterized
by short bouts (Figure 3A, inset text). Interestingly, learning
is highest in the morning and declines as the amount of waking
accrues during the biological day (Figure 3B). Control metrics
are similar over the course of the day, indicating that the dec-
rements in performance cannot be explained by circadian
modulation of sensory thresholds (Table S1). However, circa-
dian factors have been shown to influence learning [15].
Thus we combined sleep deprivation with the napping proto-
cols described above to vary the duration of waking at a given
circadian time. We utilized three experimental conditions, and
in each instance performance was evaluated at ZT4 (Figure 3C,
schematic). Performance at ZT4 was dependent upon prior
wake duration (Figure 3C), suggesting that learning is impaired
as a function of time spent awake. Interestingly, daytime sleep
appears to be less restorative than consolidated sleep
observed during the nap (Figure 3C). Because performance
is reduced by the end of the day (Figure 3D), these data sug-
gest that consolidated sleep is required after each waking
day to restore optimal learning. Indeed, learning is restored
in the evening after 3 hr of spontaneous sleep (ZT12–ZT15)
but remains impaired in circadian matched siblings that were
kept awake until ZT15 (Figure 3D).
Learning Requires the Mushroom Bodies
No neural substrate has been identified for APS. A likely candi-
date is the mushroom bodies (MBs), given their role in many
but not all learning and memory tests [16]. MBs play a role in
olfactory memory acquisition [17] and play a role in decision
making under conflicting situations [18]. The MBs have re-
cently been shown to regulate sleep [19, 20] and inhibitory
control [21]. They can be ablated in the fly by feeding larvae
hyroxyurea (HU) (Figure 4A, Figure S5). Although ablation of
the MBs disrupts sleep, a minority of HU flies exhibit normal
sleep, thereby allowing us to determine whether performance
is influenced by the MBs independently of sleep time (Fig-
ure 4B). As seen in Figure 4C, learning is impaired in the ab-
sence of MBs in all short- and long-sleeping flies; control met-
rics were unaffected (Table S1). HU also results in a reduction
of antennal lobe size [22], raising the possibility that the learn-
ing impairment may be due to deficits in olfactory processing.
However, smell-blind (sbl-1) flies that are olfactory defective
[23] perform as well as Cs flies, indicating that olfactory input
is not required in this assay (Figure S6).
Extended Waking Alters DA Signaling
To determine whether sleep-deprivation-induced impairments
in learning can be explained through alterations in DA signal-
ing, we evaluated DA levels. As seen in Figures 5A and 5B
Figure 2. The Effect of Sleep Drive and Recovery
Sleep on Learning
(A) Sleep min/hr for each hour of the 24 hr day in
female Cs flies maintained on a 12 hr:12 hr light:-
dark schedule for 3 days; the dark bar indicates
lights out, and the white bar indicates sleep
deprivation. When recovery from 22 hr SD begins
in the evening at ZT10, sleep homeostasis is
delayed until the next morning.
(B) Although sleep rebound is a condition with
high sleep drive, flies show normal learning com-
pared to untreated circadian-matched controls.
(C) Learning is restored in flies that had been
sleep deprived for 12 hr and allowed to sleep
spontaneously for 2 hr between ZT0 and ZT2
(white) compared to sleep-deprived siblings
(black).
(D) The duration of rebound sleep during the nap
was 98 6 2 min versus 27 6 6 min in untreated
flies, and the average sleep bout duration was
significantly longer than spontaneous sleep
observed in untreated flies at this circadian time.
(E) When the dark vial contained dry filter paper
with 10% sucrose, 12 hr of SD does not disrupt
learning (white). However, sucrose in the dark
vial could not prevent learning impairments after
36 hr of SD (gray). Learning was assessed
between ZT0 and ZT3 for both 12 hr and 36 hr
SD groups (* indicates p < 0.05).
Error bars represent the SEM.
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deprivation and are associated with the transcriptional down-
regulation of the Drosophila dopamine 1-like receptor (dDA1)
[24]. Downregulation of dDA1 transcripts is also seen in flies
with spontaneously fragmented sleep (Figure 5B). The phar-
macology of DA agonists has been characterized, and these
drugs are known to be biologically active in flies [25–27]. As
seen in Figure 5C, Ritalin, methamphetamine, L-DOPA, and
the D1 agonist SKF82958 rescued performance after sleep
deprivation; none of these treatments enhanced learning in
Figure 3. Performance Is Dependent on Previous Waking Experience
(A) Sleep min/hr for each hour of the 24 hr day in female Cs flies maintained
on a 12 hr:12 hr light:dark schedule. The dark bar indicates lights out; inset
numbers show average sleep bouts during the day and night.
(B) Performance is impaired as waking accumulates across the biological
day. The morning test occurred at ZT0–ZT3.59, the afternoon test at ZT4–
ZT7:59, and the evening test at ZT8–ZT11:59.
(C) Learning was evaluated in three groups of flies at the same circadian
time (ZT4–ZT7:59). These flies differed in the amount of waking obtained
since their last episode of consolidated sleep (defined as average sleep
bout duration > 30 min). For ‘‘0 min of waking’’ (n = 23), flies were sleep
deprived from ZT12 until ZT2 and allowed to sleep unperturbed for 2 hr
(observed sleep time and sleep bout duration: 77 6 6 min and 35 6 8 min,
respectively). For ‘‘180 min of waking’’ (n = 17), flies were allowed 4 hr of
spontaneous sleep between ZT0 and ZT3:59 (observed wake time, sleep
time, and sleep bout duration: 182 6 17 min, 58 6 17 min, and 13.5 6 1.65
min, respectively). For ‘‘360 min waking’’ (n = 17), flies were sleep deprived
from ZT22 until ZT3:59 (observed sleep time = 0 min).
(D) Learning was evaluated 3 hr after lights off in spontaneously sleeping
flies compared to circadian-matched waking controls that had been kept
awake until ZT15 with the SNAP. Sleeping flies obtained 155 6 5 min of
nighttime sleep that was consolidated into bouts of 1016 17 min. Sleeping
flies exhibited learning scores identical to those achieved after a full nights
sleep but at an opposite circadian phase (schematic). In contrast, the flies
that were not allowed to sleep in the evening were significantly impaired
at the same circadian time. (* indicates p < 0.05).
Error bars represent the SEM.baseline conditions (Figure S7). Control metrics were unaf-
fected by pharmacologic manipulations (Table S1). Thus,
global enhancement of dopamine signaling overcomes defi-
cits in learning in flies as it does in humans.
To determine the extent to which DA is involved in this learn-
ing assay, we conducted additional genetic and pharmacolog-
ical experiments. DA levels were reduced by feeding flies the
tyrosine hydroxylase (TH) inhibitor 3-iodo L-tyrosine (3IY) [28].
Performance was impaired in flies fed 3IY, and this impairment
could be rescued by coadministration of L-DOPA (Figure 5D).
Consistent with previous reports, 3IY consolidated sleep with-
out reducing the intensity of locomotor activity (Figure 5E)
[25]. PI and QSI were unaffected by drug treatment, whereas
flies fed 3IY took significantly longer to complete 16 trials (Table
S1). Although TCT was increased in flies fed 3IY, it was not
outside the range seen in Cs flies and thus cannot explain
the deficit (Figure S8). In addition, disruption of synaptic output
from dopaminergic neurons by expression of a temperature-
sensitive allele of shibire (UAS-shits1) also impairs learning
(Figure S9) [29]. Thus, reduction of DA signaling, with either
pharmacology or genetics, impairs performance in APS.
Learning Requires the dDA1 Receptor
Although a recent study has shown that the dDA1 receptor
is important for Pavlovian conditioning [30], its role in other
learning paradigms is unknown. Because the pharmacology
of the four Drosophila DA receptors has been investigated
(e.g., [27]), we began by administering either a D1 (SCH23390)
or D2 (eticlopride) antagonist for 2 hr before evaluating learning.
SCH23390 and eticlopride have been shown to activate sepa-
rate behaviors in flies [26], and although SCH23390 blocks
both D1-like receptors (dDA1 and dopamine receptor inmush-
room bodies [DAMB]) [27, 31], eticlopride does not [27]. Both
D1 and D2 antagonists modified sleep at this dose, indicating
they are biologically active (Figures S10A and S10B). However,
only the D1 antagonist disrupted performance (Figure 5F).
Importantly, the induction of Gas in flies fed the D1 agonist
SKF 82958 was blocked by coadministration of the D1 antag-
onist (Figure S10C).
Because the D1 agonist and D1 antagonist are active at both
the dDA1 and the DAMB receptors, we evaluated learning in
flies mutant for dDA1. The dDA1 receptor is heavily expressed
in MB neuropile and is required for olfactory learning
(Figure 6A) [30]. dumb2 is a hypomorphic allele that reduces
dDA1 expression in the mushroom bodies (Figure 6B, and
[30]). The P element insertion PL00420 (dumb3) removes
most of dDA1 expression in the MBs while inducing ectopic
expression in glia and the optic lobes (Figure 6C). We find
that both alleles have reduced learning (Figures 6D and 6E).
dumb2 and dumb3 mutants exhibited normal sleep, PI, and
QSI, but dumb3 flies had 12% longer TCT, (Table S1 and
Figure S11). To confirm that this phenotype maps to the
dDA1 locus, we crossed dumb2 and dumb3 with flies carrying
a deficiency (Df) of the dDA1 locus, Df(3R)red1. Learning was
significantly reduced in the resulting dumb2/Df and dumb3/Df
flies, indicating that the impairments were due to disruption
of dDA1 expression (Figures 6D and 6E). Finally, we adminis-
tered the D1 agonist SKF 82958 to dumb2 and dumb3 flies
and assessed learning. As seen in Figures 6D and 6E, perfor-
mance could not be rescued by the D1 agonist. Because the
D1 agonist did not restore learning in either the dumb2 or
dumb3 mutants, it is unlikely that the previous improvement
in learning after sleep deprivation was due to nonspecific
effects of SKF82958 at other receptors.
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during Extended Waking
Imaging studies in humans suggest that performance decre-
ments after waking may not be due to global brain impairments
[4] and thus may reflect a molecular vulnerability in specific
neuronal circuits. To determine whether waking impairs learn-
ing by modifying dDA1 globally or in specific circuits, we
manipulated dDA1 only in the MBs. The piggyBac inserted
into the first intron of the dDA1 gene in the dumb2 mutants
contains a UAS that can be used to induce functional dDA1 re-
ceptor [30]. We used the gene-switch system (MBSwitch) to
avoid potential developmental defects [32]. As seen in
Figure 6F, MB-Switch/+; dumb2/+ flies fed RU486 maintained
learning after extended wakefulness, whereas their vehicle-
fed siblings were impaired. Interestingly, RU486-treated MB-
Switch/+; dumb2/+ had no effect on baseline learning in the
absence of sleep loss, and baseline sleep was not altered
(Figure S12). As expected, the parental lines (dumb2/+ and
MB-Switch/+) learn normally when exposed to RU486 and
are impaired after extended waking (Figure 6G). Furthermore,
RU486 has no effect on learning in Cs flies, either under base-
line condition or during extended waking (Figure S13).
Discussion
These data provide direct evidence that extended waking
disrupts learning and is amenable to genetic dissection in
Drosophila. Importantly, manipulation of dDA1 only in the
MBs, which represent z2% of the total number of neurons
in the Drosophila central nervous system, was sufficient to
prevent the learning deficits associated with extended waking.
These data support the hypothesis that extended waking can
deteriorate the function of specific brain areas that are critical
for adaptive behavior.
Sleep-deprivation experiments are inherently problematic in
that it is frequently difficult to determine whether an observed
outcome is because of the lack of sleep or the methods used to
keep the organism awake [33]. Thus, we conducted several
control experiments to evaluate potential confounding vari-
ables before we turned our attention to elucidating underlying
mechanisms. We found that although learning is disrupted
when extended waking is achieved by mechanical stimulation,
mechanical stimulation in the absence of sleep loss produced
no deficits in learning. Importantly, spontaneous waking and
sleep fragmentation impair learning without mechanical
Figure 4. Learning Requires the Mushroom Bodies
(A) HU treatment results in ablation of the MBs: Whole-mount
immunostainings of representative vehicle-control and
HU-treated brains with anti-fasciclin-2.
(B) Sleep time and sleep bout duration are reduced in MB-
ablated flies (HU short), but a minority of individuals have
normal sleep (HU long) compared to their vehicle control (C).
(C) Performance is impaired in MB-ablated flies regardless of
sleep time (* indicates p < 0.05).
Figure 5. DA, Extended Waking, and Learning
(A) Whole-head DA levels, measured by HPLC,
are increased after 12 hr of SD compared to those
of untreated circadian matched controls.
(B) dDA1 transcripts are downregulated by 12 hr
of SD, whereas mRNA levels for the other D1 like
receptor DAMB and for the D2 receptor (D2R)
remain stable. All three receptors are transcrip-
tionally downregulated in the flies with spontane-
ous sleep fragmentation described in Figure 1F
(data are presented as percent change from
controls, one-sample t test).
(C) Performance impairments after 12 hr of SD are
reversed when flies are fed methamphetamine
(1 mg/mL), L-DOPA (5 mg/mL), Ritalin (2.5 mg/mL),
or the D1 agonist SKF-82958 (3 mg/mL). Learning
was evaluated between ZT0 and ZT3:59.
(D) Blocking DA synthesis by feeding flies 3IY
(10 mg/mL) for 36 hr results in performance
impairments. Coadministration of 3IY and L-DOPA
(10 mg/mL) to flies rescues learning.
(E) Total sleep time (‘‘TST,’’ in minutes), average
sleep bout duration (‘‘Bout,’’ in minutes) and
locomoter activity during waking (‘‘C/W’’) are
significantly increased in flies on 3IY.
(F) Feeding flies the D1 receptor antagonist
SCH-23390 (1 mg/mL) but not the D2 antagonist
eticlopride (1 mg/mL) for 2 hr (ZT0–ZT2) before
the test impairs performance (* indicates p < 0.05).
Error bars represent the SEM.
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tended waking per se that disrupts learning.
In Drosophila, dopaminergic neurons project arborizations
to the MB neuropile [34], where they influence aversive learn-
ing [29]. Although a recent study has shown that the dDA1
receptor is important for olfactory conditioning [30], its role
in other learning paradigms is unknown. Our results extend
the role of dDA1 receptor beyond olfactory learning. It is
worth noting that a role for D1 receptor in short-term memory
and response inhibition has been reported in humans [35],
nonhuman primates [36], and rodents [37]. Previous studies
have shown that DA in the MBs plays a role in decision mak-
ing under conflicting situations [18] and may signal the aver-
sive stimulus to the MBs in olfactory conditioning [34, 38]. In-
terestingly, flies in the APS also face a conflicting choice
between their prepotent attraction toward light and the aver-
sive stimulus. Thus, the modulation of DA signaling observed
during extended waking may disrupt performance by multiple
mechanisms. Interestingly, children with Attention Deficit
Hyperactivity Disorder (ADHD) exhibit both disorganized
DA signaling and difficulty with response inhibition [39].
Moreover, sleep problems are highly prevalent in ADHD
and, when present, are associated with poorer child out-
comes [40].
Conclusions
In conclusion, sleep deprivation impairs short-term memory
and response inhibition in the genetic model organism
Drosophila melanogaster. Our data demonstrate that waking
is particularly deleterious for DA circuits that are crucial for
maintaining adaptive behavior. Because optimal performance
can only occur within a narrow range of DA signaling and DA
signaling is easily disrupted by waking, we propose that an im-
portant role of sleep may be to restore DA homeostasis. None-
theless, it is likely that sleep loss impacts the brain by altering
a number of molecular pathways. Together, these experiments
pave the way for the identification of the underlying molecular
mechanisms.
Experimental Procedures
Fly Stocks, Sleep, and Sleep Deprivation
We obtained dumb2 (f02676) and dumb3(PL00420) from the Exelexis
Drosophila collection (Harvard Medical School), UAS-shits1 from M. Heisen-
berg (University of Wurzburg, Germany), Hi5, and Lo geotaxic lines from
D. Toma (Neuroscience Institute, San Diego), Sbl1 from Joel Levine (Univer-
sity of Toronto), and TH-GAL4 from S Birman (Universite´ de la Me´diterra-
ne´e). Flies were cultured at 25C, 50% humidity, in 12 hr:12 hr light:dark cy-
cle, on food containing yeast, dark corn syrup, molasses, dextrose, and
agar. Three-day-old flies were placed into 65 mm glass tubes and monitored
with the Trikinetics activity-monitoring system as previously described [8]
(http://www.trikinetics.com/). Unless otherwise stated, flies were sleep de-
prived with the sleep-nullifying apparatus (SNAP) [8] from ZT12 (lights out)
to ZT0 (lights on), and until each fly was tested for learning.
Sleep-Interrupting Device
As with the SNAP, flies sleep deprived with the SLIDE were housed in 65 mm
tubes, and their activity was continuously monitored in a Trikinetics monitor.
Plastic floors were inserted into the tubes underneath the flies. The floor is
connected to a motor that controls the distance the floor travels in addition
to its speed and acceleration (see Figure S4 for details).
Figure 6. The D1-like Receptor dDA1 Is Required
for Learning after Sleep Deprivation
(A–C) dDA1 immunolocalization in controls
(w1118), dumb2, and dumb3 mutant brains. In
both dumb2 and dumb3, dDA1 expression in the
mushroom bodies is strongly reduced. dDA1 is
ectopically expressed in glia and in the optic
lobes in dumb3 mutant brains.
(D) The D1-like receptor hypomorph mutant
dumb2 shows performance decrements com-
pared to wild-type controls (‘‘Control’’). Impair-
ments are still observed in dumb2/Df(3R)red1
(dumb2/Df) and in dumb2 flies fed with a D1 ago-
nist SKF-82958.
(E) The misexpression mutant dumb3 also shows
performance decrements as homozygotes or over
Df(3R)red1 (dumb3/Df) compared to wild-type
controls. Feeding dumb3 a D1 agonist does not
improve performance.
(F) Learning was evaluated in MB-Switch::dumb2
flies fed 100 mg/mL RU486 (RU+) or vehicle (RU2)
for 2 days. Both RU+ and RU2 groups show
normal performance under baseline conditions.
However, MB-Switch::dumb2 RU+ flies show
normal learning after SD, in contrast to vehicle-
control siblings (RU2).
(G) RU486 does not prevent learning impairments
after SD in MB-Switch/+ and dumb2 /+ parental
lines. Learning was evaluated in all flies between
ZT0 and ZT3:59 (* indicates p < 0.05).
Error bars represent the SEM.
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The learning paradigm requires flies to inhibit a potent attraction toward
light and has been previously described [7]. Both dark and lighted vials
are covered with filter paper. The filter paper in the lighted vial is wetted
with 320 ml of a 10-1M quinine hydrochloride solution (Sigma). After the fly
enters the dark or lighted vial, the choice is recorded and the fly is quickly
removed from the vial and placed back at the entrance of the maze. During
the test, the light and quinine-humidity appear equally on both the right and
left. For an experiment, learning was evaluated by the same experimenter
who was blind to genotype and condition. Unless otherwise stated, all flies
were tested in the morning between ZT0 and ZT4. Learning scores are nor-
mally distributed (Figure S2). Statistical analyses were performed with
Systat (Systat, Chicago, IL). Differences were assessed with either a Stu-
dent’s t test or analyses of variance (ANOVA), which were followed by
planned pairwise comparisons with a Tukey correction. Unless stated
otherwise, all experiments are nR 10.
Geotaxis
Groups of ten flies were placed at the bottom of a 123 75 mm vial. After gen-
tle tapping down, the number of flies crossing a 4 cm mark after 20 s was
scored. Thirty flies were evaluated per condition (baseline and sleep
deprived).
Photosensitivity
Photosensitivity was evaluated in the T maze over ten trials in the absence
of filter paper. The lightened and darkened chambers appeared equally
on both the left and right. PI is the average of the scores obtained for five
flies 6 SEM. Photosensitivity in the T maze was also evaluated at low
(240 lux), medium (5900 lux), and max (9500 lux) light intensities. Fast
phototaxis was evaluated in groups of ten flies placed at the bottom of a
12 3 75 mm vial. The vial was then positioned horizontally toward a bright
(9000 lux) fiber-light lamp. Flies crossing a 4 cm mark after 10 s were scored.
Thirty flies were evaluated per condition.
Quinine-Humidity Sensitivity
Flies were placed at the bottom of a 14 cm cylindrical tube which was uni-
formly lighted (n = 5). Each half of the apparatus contained separate pieces
of filter paper that could be wetted with quinine or kept dry. The QSI was
determined by calculation of the time that the fly spent on the dry side of
the tube when the other side had been wetted with quinine, during a 5 min
period.
Courtship
Five-day-old naive males were exposed to virgin females for 10 min. The
courtship index (CI) was calculated by dividing the time spent courting
(the sum of the lengths of all of the courtship bouts) by the total length of
the test.
Mushroom Body Ablation
Larvae 0–1 hr old were fed yeast paste (controls) or yeast paste containing
HU for 4 hr via standard protocols [20]. The efficiency of the ablation proce-
dure was evaluated with standard whole mount immunohistochemistry
(Figure S5).
Drugs
L-DOPA (5 mg/ml in 1% agar 1% sucrose), Methamphetamine (1 mg/ml),
Ritalin (2.5 mg/ml), and SKF-82958 (3 mg/ml) were fed to flies for 2 hr before
lights off and during sleep deprivation. Flies were fed 3IY (10 mg/ml) and
3IY + L-DOPA (both 10 mg/ml) diluted in 1% agar 5% sucrose for 36 hr. Flies
were fed SCH 23390 (1 mg/ml) and eticlopride (1 mg/ml) diluted in 1% agar
1% sucrose 2 hr before testing (ZT0–ZT2). dumb2 and dumb3 flies were fed
SKF-82958 3 mg/ml diluted in 1% agar 1% sucrose for 2 hr before testing.
RU486 (mifepristone, Sigma) was diluted in Ethanol (50 mg/ml) and then
diluted in food (100 mg/ml). Flies were fed RU486 for 48 hr prior to testing.
HPLC
For each condition, two independent replicates of 20 flies were frozen, and
whole heads were collected. Brains were quickly dissected in ice-cold
phosphate-buffered saline (PBS) and transferred to 500 ml of high-perfor-
mance liquid chromatography (HPLC) buffer. HPLC was conducted by Dr.
Raymond F. Johnson, Neurochemistry Core Lab, Nashville.Immunohistochemistry
Brains were dissected in cold PBS and processed for standard whole-
mount immunostaining. The following antibodies were used: mAb1D4
anti-fas2 (Hybridoma Bank, University of Iowa) at 1:100, mouse anti-dDA1
(a gift from K.-A. Han) at 1:200, and Alexa 488 conjugated anti mouse IgG
(Molecular Probes). Confocal stacks were processed with Metamorph
software.
QPCR
Real-time quantitative polymerase chain reaction (QPCR) was conducted as
previously described with total RNA extracted from 20 heads; all groups
were collected at the same circadian time (ZT0–ZT1) [41]. Complementary
DNA (cDNA) from comparable reverse-transcription reactions were used
as a starting material to run four QPCR replicates. Expression values for
RP49 were used to normalize results, and two independent groups of flies
were collected and processed independently for each analysis.
Supplemental Data
Thirteen figures and one table are available at http://www.current-biology.
com/cgi/content/full/18/15/1110/DC1/.
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